The production of equipment and materials used for transportation facilities and services can have significant environmental effects. Considerable effort is expended to reduce such effects as efficiently and effectively as possible. In this paper, we estimate external environmental costs resulting from the production of common transportation equipment, materials, and services. These external cost estimates only include the effects from air emissions of conventional pollutants, including carbon monoxide, greenhouse gases (or global warming potential), volatile organics, sulfur dioxide, particulate matter, and nitrogen oxides. The estimates include all the direct and indirect supply chain emissions, such as electricity generation and mining. The cost estimates are uncertain and are likely to be underestimates of total external costs. However, the estimates should be useful for an initial assessment of the total social costs of transportation projects, and to indicate products and processes worthy of additional pollution prevention efforts. In particular, we find that additional external environmental costs may range from as low as 1% to as high as 45% for transportation services. External environmental costs of transportation equipment manufacturing range between 0.3 and 11%, while the external environmental costs of transportation construction and operation materials are estimated to vary between 1 and 100%.
INTRODUCTION
The production of goods and services inevitably has environmental impacts. For example, manufacture of a transit bus involves an extensive series of mining, metal processing, and fabrication processes. All of these steps require energy and other resource inputs, and they result in emissions to the environment. The intent of environmental controls and regulations is to reduce such environmental effects.
External costs are real costs, but a producer does not directly pay these costs. For example, the air emissions from the production of electricity at a power plant may result in harm to susceptible individuals in the surrounding area. In the realm of transportation, the external costs due to congestion, noise, and the health effects due to tailpipe motor vehicle emissions are widely recognized (Small and Kazimi 1995; Greene 1996; NRC 1996; Eyre et al. 1997) . However, these external costs are not paid directly by the specific producer. In contrast, costs of environmental controls such as stack scrubbers are private costs paid by producers and included in standard industrial accounting systems.
Estimation of external costs may be helpful for several purposes. First, the estimates can give an indication of the total social costs associated with particular projects, designs or choices. We wish to ensure that the total social benefits of new projects exceed their total social costs, including the external environmental costs. Selection among competing designs might also take into account the external environmental costs of the alternatives. Second, high external costs can serve as an indicator of products and processes that deserve greater attention for pollution prevention and control, on the part of consumers, producers, and regulators. For example, tetraethyl lead additives to gasoline were eliminated after the adverse health effects were widely recognized (NRC 1993 costs suggest that special fees or taxes should be imposed to induce producers to reduce the harmful emissions. The English economist Pigou (1920) first proposed such fees. A comprehensive analysis of motor passenger-transport mode externalities and subsidies appears in Delucchi (1997) .
In this paper, we develop estimates of one important set of external environmental costs for various transportation services, equipment, and materials. These costs are based on the air emissions of conventional or criteria pollutants and greenhouse gases. Specifically, we estimate costs for emissions of carbon monoxide, volatile organics, sulfer dioxide, particulate matter (less than 10 m), nitrogen oxides, and global warming potential (in carbon dioxide equivalents). We focus on these costs because there are both emissions inventories and valuation estimates available for them. In developing these estimates, we consider the entire supply chain for manufacture, including all indirect suppliers of production (i.e., all the suppliers of direct suppliers). In a similar fashion, Healy and Dick (1974) and Lave (1978) considered supply chain effects in their analysis of the energy requirements for the Bay Area Rapid Transit system.
ESTIMATION METHODOLOGY
Our estimation methodology relies upon a series of analysis steps embodied in a model called Economic Input-Output Life-Cycle Assessment (EIO-LCA) Lave et al. 1995) . The underlying data and calculation algorithms are available on our website (Green Design Initiative 2000) . The primary analysis steps and data sources include the following.
Estimation of Direct and Indirect Economic Requirements for Commodity Production
We estimate all the various direct and indirect supply chain requirements through the use of an economic input-output matrix for the United States. This matrix summarizes all the purchases associated with a particular commodity production, including all the suppliers. This input-output model and analysis were originated by Leontief (1986) . In this work, we use the 498 commodity-based sector model of the U.S. economy in 1992, provided by the Department of Commerce (1997) . This is the latest table currently available. As an example, consider a purchase of $100,000,000 of roadway maintenance services (or, more formally, ''maintenance and repair of highways and streets'' as defined by the U.S. Department of Commerce). This purchase induces demand for a series of purchases of commodity supplies and services in the whole economy totaling $198,500,000. The largest commodity inputs are shown in Table 1 , including both the direct and indirect inputs. In this example, electricity is an indirect purchase in the supply chain, not a direct purchase by the roadway maintenance sector itself. The algebra associated with estimating economic effects of incremental purchases is shown in (Leontief 1986; . External health effects of production are included in the input-output model to some extent as increased medical costs for production. However, the model only includes cash transactions between sectors, not indirect effects via mechanisms such as air pollution. As a result, in tracing through the costs of, say, $100,000,000 in roadway maintenance, any costs external to the various sectors are not estimated, such as health care cost changes in other sectors. We employ the following two steps to make such estimates.
Estimation of Air Emissions
Once economic outputs are estimated, environmental emissions are estimated by multiplying the economic output by the average emission per dollar of output for each of the 498 commodity sectors. For the conventional air pollutants, data on direct emissions for stationary sources are available from the Environmental Protection Agency's AIRS database of reported emissions (U.S. EPA 2000). For sectors not reporting to AIRS (especially those without fixed plants, e.g., trucking), a twostage estimation is employed. First, fuel consumption is estimated based on the U.S. Department of Commerce data on fuel purchases used in the development of the input-output matrices themselves (U.S. DOC 1997). Next, air emissions are estimated based upon standard emission factors for industries and processes, as compiled by the U.S. EPA (2000). For example, Table 2 shows conventional pollutant emissions for the most important supplier sectors from generation of $100,000,000 in roadway maintenance services. Note that the most important sectors for emissions differ significantly from the most important economic sectors as shown in Table 1 . Sectors such as engineering or banking appearing in Table 1 are not included in the significant sectors in Table 2 because of their relatively low emissions per dollar of output.
Estimation of Social Costs
A number of studies have been conducted to estimate the health effects and costs associated with conventional air emissions (Matthews and Lave 2000) . These studies typically value Note: Estimate source information can be found in Matthews (2000) .
the health effects on humans by determining the medical and lost work cost of premature death, asthma, and associated respiratory illnesses. These effects will vary by emission type (with fine particulates of special concern), by location (with urban emissions affecting more individuals than rural emissions) and for other factors (Francis 1994) . We have assembled studies that estimate costs for typical emissions over fairly large areas. We include estimates used by regulatory agencies in assessing the external costs of electricity generation for the purpose of permitting proposed plants. For example, Table 3 summarizes 10 estimates of the social cost of sulfur dioxide emissions, which has a health effect through the formation of secondary particulates. Note that these studies have a significant range (from $770 to $4,700 per metric ton of SO 2 emissions in 1992 dollars), representing different assumptions, methodologies, and geographic regions. Matthews (1999) has compiled similar estimate ranges for the other conventional pollutants, and has adjusted the figures to 1992 dollars (shown in Table 4 ). These estimates are used in this study. Recognizing the significant uncertainty in these estimates, we report three estimates of social costs subsequently, reflecting the lowest, highest, and median estimates of the various studies.
EXTERNAL ENVIRONMENTAL COSTS OF TRANSPORTATION SERVICES
Appearing in Tables 5-7 are low, median, and high estimates of the external environmental costs associated with the production of various transportation equipment, materials, and services. The estimates are presented as percentages of the regular purchase price and include the entire supply chain for production. Thus, we estimate that provision of transportation services (Table 5 ) has additional external environmental costs of between 1 and 45% of the reported provider costs for transportation.
In Table 5 , social shipping costs are estimated for various broad categories of transportation activities and services. The median estimates range between 4 and 9%. As an example, consider shipping a product from a factory to a final destination. Three alternatives are available: by truck, by air, or by rail. Suppose the shipping costs to the manufacturer are $100 for the truck option, $200 by air, and $90 by rail (not actual prices). The median estimates of social costs of the three shipping options from Table 5 are 5.8% for the truck, 5.0% for the aircraft, and 7.1% for the train option. Therefore, the total social cost (private ϩ external environmental cost) of the three shipping modes would be $106 for the truck, $210 for the air, and $96 for the rail option. Note that even though the external costs of air transportation might be lower in percentage terms than the external costs of trucking, the private costs of air transportation are generally higher from the outset, making it a worse choice in terms of total costs as well. The rail option had the lowest total costs. Of course, the individual purchaser of transportation services may still opt for the higher cost services due to factors such as speed or dependability. Table 6 shows the estimated external costs of selected transportation equipment manufacturing, ranked in decreasing order of the median external cost percentages. The median estimates range from 1.5 to 4.1%. While aircraft have the lowest external cost percentage, they are also the most expensive of the equipment types listed, so the external cost of an aircraft on a per vehicle basis would be substantial. Note that the equipment manufacture would not include operating fuels. The transportation service estimates in Table 5 would include this manufacture plus the fuels used in operation. Table 7 shows the estimated external costs for selected materials used in transportation construction and operation. The median estimates range from 2.9 to 20%, which are higher than the transportation service and the transportation equipment manufacturing estimates appearing in Tables 5 and 6 . To illustrate the application of social costing, consider a 1 km highway that can be paved with steel-reinforced concrete or with asphalt . The reinforced concrete option costs $130,100 ($106,700 for the concrete and $23,400 for the steel reinforcing), while the asphalt option costs $145,500. From Table 7 , the median estimate of the social cost of concrete is 8.6%, of steel is 13.8%, and of asphalt is 7.7%. Therefore, the total cost (private cost ϩ external environmental cost) of the reinforced concrete alternative would be $116,000 ϩ 27,000 = $143,000, and of the asphalt alternative would be $157,000. Note that while the asphalt pavement is 12% more expensive in the first cost than the reinforced concrete alternative, it is only 10% more expensive when the external costs of conventional air emissions are added to the private cost.
EXTERNAL ENVIRONMENTAL COSTS OF TRANSPORTATION EQUIPMENT

EXTERNAL ENVIRONMENTAL COSTS OF TRANSPORTATION MATERIALS
LIMITATIONS AND UNCERTAINTIES IN THE ESTIMATES
Before concluding, a discussion of the limitations and uncertainties in these estimates may be useful. We believe that • Recent studies of fine particulate effects suggest that past studies may have underestimated the social costs of these emissions, particularly for children, the elderly and those with preexisting respiratory problems and standards for exposure to small particulates are being revised (Francis 1994) . If this is the case, the median value of external costs for the particulate studies in Table 4 is likely an underestimate of the true median.
• Our estimates do not include lead particulate emissions (a conventional pollutant).
• Our estimates do not include toxic emissions or damage to ecosystems. Again, social cost valuations are not generally available for these external effects.
There is also considerable uncertainty in our estimates, reflected in part by the wide range of emission valuation costs reported. Several other major sources of uncertainty should be noted.
• Our estimates are based on linear economic models and on geographic averages. As a result, major deviations from typical production processes or geographic variations will not be represented. Analysts might correct our estimates for any significant deviations, such as cleaner than average maintenance processes or electricity provision. In particular, construction material production in rural areas might have lower external costs than average for the economy due to the lower human exposure in rural areas. Eyre (1997) reports separate direct external costs for rural and urban areas.
• As environmental control and pollution prevention efforts continue, emissions per dollar of output are tending to decrease. We have used the latest data available (for 1992, from the U.S. Department of Commerce and later data for emission factors), but we expect that current practice is improving. However, while emissions per dollar of output may be declining, the medical and lost wages costs for any health effects are likely to be increasing.
• We have used the 1992 economic input-output matrix of the United States, the latest data currently available. Production processes, and thus material and service inputs of commodities might have changed since 1992.
CONCLUSIONS
We presented estimates of the external environmental costs of some conventional air pollutant emissions for various transportation services, equipment, and materials manufacturing. Recognizing that the data and methodology employed are uncertain, and that the analysis has only been performed for conventional air pollutants, the resulting environmental cost estimates for transportation alternatives show a wide range. For a decision-maker, taking into account the total environmental costs of commodity manufacturing and use may allow for a more informed selection of alternatives for better environmental quality.
